Molecular-genetic and muropeptide analysis techniques have been applied to examine the function in vivo of the Bacillus megaterium QM B1551 SleB and SleL proteins. In common with Bacillus subtilis and Bacillus anthracis, the presence of anhydromuropeptides in B. megaterium germination exudates, which is indicative of lytic transglycosylase activity, is associated with an intact sleB structural gene. B. megaterium sleB cwlJ double mutant strains complemented with engineered SleB variants in which the predicted N-or C-terminal domain has been deleted (SleB-⌬N or SleB-⌬C) efficiently initiate and hydrolyze the cortex, generating anhydromuropeptides in the process. Additionally, sleB cwlJ strains complemented with SleB-⌬N or SleB-⌬C, in which glutamate and aspartate residues have individually been changed to alanine, all retain the ability to hydrolyze the cortex to various degrees during germination, with concomitant release of anhydromuropeptides to the surrounding medium. These data indicate that while the presence of either the N-or C-terminal domain of B. megaterium SleB is sufficient for initiation of cortex hydrolysis and the generation of anhydromuropeptides, the perceived lytic transglycosylase activity may be derived from an enzyme(s), perhaps exclusively or in addition to SleB, which has yet to be identified. B. megaterium SleL appears to be associated with the epimerase-type activity observed previously in B. subtilis, differing from the glucosaminidase function that is apparent in B. cereus/B. anthracis.
Spores of the genera Bacillus and Clostridium emerge from dormancy via the process of germination. The germination process comprises a series of sequential biophysical and biochemical reactions that result irreversibly in the spore losing its properties of metabolic dormancy and extreme resistance to various chemical and physical treatments (24, 34) . Germination is initiated by the presumed binding of small molecular germinants, commonly amino acids or sugars, to cognate receptors located within the spore inner membrane (25, 28) . In a process that is poorly understood at the molecular level, this interaction leads to a change in the permeability of the inner membrane, resulting in the release of various solutes from the spore core, including metal ions, calcium dipicolinate (Ca-DPA), and some amino acids (32, 33, 35) . A degree of rehydration of the core is evident at or around the same time, although this is insufficient to permit a significant degree of vegetative metabolism (9, 31) . These events, which appear common to all Bacillus species where examined, comprise stage I of germination (31, 32, 34) .
The major event in stage II of the germination process from a biochemical perspective involves depolymerization of the spore cortex. The spore cortex is a thick layer of peptidoglycan, characterized by the spore-specific muramic acid lactam (MAL) moiety (37, 38) , which, together with the thin inner layer of germ cell wall peptidoglycan (36) , forms contiguous layers that entirely envelope the spore protoplast. While the germ cell wall forms the initial cell wall during vegetative outgrowth, the spore cortex serves primarily to maintain the relatively dehydrated status of the spore protoplast during dormancy (13) . Dissolution of the cortex permits complete hydration of the spore core and resumption of vegetative metabolism, leading ultimately to shedding of the spore coat and the emergence of a new vegetative cell (34) .
A number of studies have indicated that spores of various Bacillus species employ two cortex-lytic enzymes (CLEs), SleB and CwlJ, to initiate hydrolysis of the cortex during stage II of the germination process (16, 19, 32) . These enzymes are semiredundant; hence, strains bearing null mutations in either structural gene can still degrade the cortex sufficiently to complete germination, whereas double mutant strains do not appear capable of degrading the cortex at all, resulting typically in a decrease of several orders of magnitude in colony-forming ability (15, 19, 32) . Other enzymes, including Bacillus cereus/ Bacillus anthracis SleL, are also involved in stage II of germination, apparently hydrolyzing peptidoglycan products of SleB and/or CwlJ to smaller peptidoglycan fragments that can more easily permeate through the spore coats to the surrounding germination medium (21) .
Studies with SleB and SleL purified from dormant and germinating spores indicate that whereas the latter enzyme degrades only cortical fragments of peptidoglycan (7) , SleB has a requirement for intact peptidoglycan that has adopted the pre-cise architecture present within the spore (12, 22) . These substrate requirements appear to be important in maintenance of the respective autolysins, which are present in the spore in a mature form, in an inactive state during dormancy. Additionally, whereas the molecular mechanism of activation of SleB remains unclear-a change in cortical stress/architecture induced by stage I events has been hypothesized (12)-the efflux of Ca-DPA from the spore core to the cortex/coat boundary where CwlJ is localized (5) appears to be the mechanism by which this CLE is activated. CwlJ can also be activated by high concentrations of exogenous Ca-DPA, presenting an alternative germination pathway that bypasses the germinant receptors (27) .
The hydrolytic bond specificity of various CLEs has been examined by both direct and indirect biochemical means. Direct assays are typically conducted by incubation of purified or recombinant enzymes with peptidoglycan fragments or suspensions of spores in which the cortex is rendered accessible by first chemically compromising the permeability of the spore coats (7, 12, 22) . Subsequent assays for the generation of reducing groups and/or free amino groups can yield information on the probable hydrolytic bond specificity of the respective enzyme(s) being assayed.
More recently, the high-performance liquid chromatography/mass spectrometry (HPLC/MS)-based muropeptide analysis technique has been applied to characterize CLE activity during germination of various spore-forming species (2, 4, 10) . This methodology has the resolution to reveal fine structural changes that occur to the peptidoglycan in vivo during germination, and when used in combination with CLE null mutant strains, it can be used to indirectly correlate the generation of certain classes of muropeptides, and therefore the hydrolytic bond specificity, with defined CLEs. Muropeptide analysis has revealed, for example, that an intact copy of the sleB gene in B. subtilis and B. anthracis is required for the presence of anhydromuropeptides in the germination exudates of these respective species, indicating that SleB is a lytic transglycosylase or generates substrate for subsequent lytic transglycosylase activity (6, 16) . Conversely, B. cereus SleB was characterized as a probable amidase after enzyme purified from germinating spores was found to liberate a large amount of free amino groups when incubated with coat-stripped spores as a substrate (22) . The hydrolytic bond specificity of SleB therefore remains ambiguous and perhaps varies between different species.
Contrary to these observations, the overall structural architecture of SleB appears to be well conserved between different Bacillus species. Alignment of the primary amino acid sequence from different species indicates that the mature protein comprises an N-terminal domain that is connected to the Cterminal domain by a linker region that is variable in length and amino acid composition (Fig. 1) . The N-terminal domain is thought to comprise the peptidoglycan binding domain by virtue of two direct sequence repeats that are reminiscent of cell wall-binding motifs observed in other proteins (26) . The C-terminal domain shows homology with that of the other major Bacillus CLE, CwlJ, which lacks a corresponding peptidoglycan binding domain and is therefore thought to comprise the catalytic domain (19) , although there is as yet no experimental evidence to substantiate this idea.
In the current study, we have investigated the molecular function of SleB during germination of Bacillus megaterium QM B1551 spores, employing engineered SleB N-and C-terminal deletion strains, site-directed mutagenesis (SDM), and muropeptide analyses. In addition to revealing several cortexmodifying activities during germination of this species, the presented data indicate that while the presence of either the Nor C-terminal domain of SleB is sufficient for the generation of anhydromuropeptides during germination, this may be an indirect effect, and at least a degree of lytic transglycosylase activity may result from the activity of another as yet unidentified enzyme.
MATERIALS AND METHODS
Bacterial strains and media. B. megaterium strains and plasmids used in this study are listed in Table 1 . B. megaterium strains were routinely cultured on LB agar or broth at 30°C, containing antibiotics where appropriate (1 g/ml erythromycin and 25 g/ml lincomycin for macrolide-lincosamide-streptogramin B resistance [MLS r ], 100 g/ml spectinomycin, 5 g/ml kanamycin, and 12.5 g/ml tetracycline). Escherichia coli strains used for site-directed mutagenesis (SDM) (XL1-Blue [Stratagene]) or preparation of plasmids for transformation of B. megaterium (Top10 [Invitrogen] ) were cultured at 37°C in LB medium supplemented with 50 g/ml carbenicillin.
Construction of Bacillus megaterium mutant strains. Construction of a number of the cortex lytic enzyme (CLE) null mutant strains used in this study has been described previously (32) . A sleB cwlJ double mutant strain, in which a second recombination event had occurred at the cloned cwlJ locus described previously (32) , excising integrated plasmid DNA, was isolated in the current study. A plasmid designed to introduce by allelic exchange an insertion-deletion at the sleL locus (GenBank accession number YP_003560590; SleL is also called YaaH) was constructed by blunt end ligating a spectinomycin resistance cassette, excised from the plasmid pDG1726, between positions 732 and 749 of the sleL gene, cloned previously between the EcoRI and SphI sites of pGEM3Z. The ⌬sleL::Sp r cassette was subcloned into the plasmid pUCTV2, which carries a temperature-sensitive origin of replication, and then introduced into the B. megaterium sleB null mutant strain (GC101) by protoplast transformation. A strain that had undergone double homologous recombination at the cloned locus, replacing the native sleL gene with a copy bearing an insertion-deletion, was isolated after culturing colonies at 42°C on agar plates in the absence of antibiotics. The correct construction of strain GC104, the sleB sleL double mutant, was confirmed by PCR and sequencing.
The plasmid pHT-(sleB ypeB), which contains a 2.8-kb cloned insert encompassing structural genes for SleB (GenBank accession number YP_003564794) and YpeB (GenBank accession number YP_003564793) and presumed up-and downstream regulatory sequences, served as the template for the construction of various mutated SleB constructs and subsequent complementation analyses. A plasmid-borne SleB construct lacking sequence encoding the entire predicted C-terminal domain (amino acids 188 to 310) ( Fig. 1 ) was prepared using a fusion PCR technique. First, a 623-bp PCR amplicon, spanning positions Ϫ305 to ϩ318 relative to the adenosine of the predicted sleB start codon, was prepared. This fragment encompasses putative upstream promoter sequence and codes for amino acids 1 to 106 of SleB, where the 1-to-32 region is the signal peptide and the 33-to-106 region incorporates the N-terminal domain of SleB. A second 1,562-bp DNA fragment, encompassing the entire ypeB open reading frame (ORF) plus a presumed ribosome binding site and downstream terminator sequence, was prepared by PCR. The PCR products, which contained 28 bp of overlapping sequence at the 3Ј end of amplicon 1 and the 5Ј end of amplicon 2, were purified and mixed to provide a template for a fusion PCR. The resulting 2,157-bp amplicon, encoding structural genes for SleB and YpeB and associated regulatory sequences, was purified by gel extraction, restricted with HindIII and EcoRI at engineered sites at the respective 5Ј and 3Ј ends, ligated with pHT315 cut with the same enzymes, and used to transform E. coli. The correct construction of the resulting plasmid, pHT-(sleB-⌬C ypeB), was verified by DNA sequencing.
A DNA fragment encoding SleB in which the signal peptide sequence is retained but the predicted N-terminal sequence is deleted (SleB-⌬N) was also prepared by fusion PCR. A 404-bp PCR amplicon spanning positions Ϫ305 to ϩ99 relative to the adenosine of the predicted sleB start codon was prepared, encompassing the putative promoter and SleB signal peptide (residues 1 to 33) sequence. A 1,933-bp fragment of DNA, starting from position 559 of the sleB sequence to 192 bp downstream of the ypeB stop codon and therefore spanning the predicted SleB C-terminal domain (residues 188 to 310) plus the entire ypeB ORF, was also prepared by PCR. PCR products from both reactions, which contained approximately 27 bp of overlapping sequence at the 3Ј end of amplicon 1 and the 5Ј end of amplicon 2, were purified and mixed to provide a template for a subsequent round of PCR. The resulting 2,310-bp fragment of DNA, in which the SleB promoter, ribosome binding site, and signal peptide sequence were contiguous to the predicted C-terminal domain sequence and downstream ypeB ORF, deleting the SleB N-terminal sequence in the process, was restricted and ligated with pHT315 as described previously. The fidelity of the resultant plasmid, pHT-(sleB-⌬N ypeB), was verified by DNA sequence analysis.
SDM procedures were conducted using the Stratagene Lightning site-directed mutagenesis kit, as directed by the manufacturer. Primers for SDM were de- The pH was adjusted to 7.2 prior to autoclaving. Spore preparations for plasmidbased complementation assays were cultured in 400 ml SNB containing 1 g/ml erythromycin and 25 g/ml lincomycin. Cultures were incubated (30°C, 225 rpm) for 72 h prior to harvesting of spores by repeated rounds of centrifugation (4,300 ϫ g for 7 min, 4°C), removal of the upper debris layer, and resuspension in ice-cold water. Purified spore suspensions were observed by phase-contrast microscopy to be free of vegetative cells and debris and were stored on ice (optical density at 600 nm [OD 600 ] of ϳ100), protected from light.
Germination assays. Assays designed to monitor changes in optical density that occur during spore germination were conducted in 96-well plates using a PerkinElmer EnVision-Xcite multilabel plate reader fitted with a 600-nm photometric filter. Heat-activated (60°C for 10 min) spores were resuspended to an initial OD 600 of ϳ0.4 in 5 mM Tris-HCl buffer, pH 7.8, containing 10 mM glucose. Plates were then sealed with transparent adhesive film to reduce evaporative losses, shaken orbitally for 10 s every minute to keep the spores in suspension, and maintained at 30°C for the duration of the assay, which was typically 60 min. The progress of germination was also monitored routinely by phase-contrast microscopy. Experiments were conducted in triplicate with at least two different spore preparations.
Germination experiments intended for subsequent peptidoglycan analysis were conducted with relatively dense suspensions of heat-activated spores (OD 600 ϭ 60) incubated at 30°C in 5 mM Tris-HCl, pH 7.8. Germination was initiated by the addition of glucose (10 mM) and allowed to proceed for 3 min before centrifugation of 1-ml aliquots at 13,000 ϫ g for 30 s. The supernatant was removed, and the spore pellets were resuspended in 1 ml of the same preheated buffer without germinants, with germination proceeding at 30°C for a total of 40 min. This procedure was required to reduce the amount of UV-absorbing material released by spores very early in germination and which interfered with subsequent HPLC analysis of exudate-associated muropeptides. The removal of germinants after 3 min of incubation had no observable effect on the progress of spore germination as adjudged by phase-contrast microscopy and OD 600 measurements.
DNA sequencing and bioinformatics analyses. DNA sequencing was performed by the Department of Biochemistry sequencing facility (University of Cambridge). DNA sequence analysis was performed using the CLC Combined Workbench 5 software program (CLC bio).
Preparation of peptidoglycan. Protocols for extraction, purification, and subsequent analysis of muramidase-digested peptidoglycan fragments (muropeptides) employed in the current study were similar to those described previously (3, 4, 29) . Peptidoglycan from dormant spores was purified by boiling the spore suspension (OD 600 ϭ 60) for 20 min in 1 ml of extraction buffer (50 mM Tris-HCl, pH 7.5, plus dithiothreitol [50 mM] and SDS [1% {wt/vol}). The decoated spores were washed five times in water by repeated centrifugation (13,000 ϫ g for 30 s) and resuspension. Removal of protein was effected by incubating the spore suspension (16 h, 37°C) with tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-treated trypsin (Sigma) (0.1 mg/ml in 20 mM Tris-HCl, pH 8.0, plus 10 mM CaCl 2 ). SDS was added to 1% (wt/vol), and the samples were boiled for 15 min before washing with warm water by repeat centrifugation and resuspension (15 cycles). The peptidoglycan was resuspended in 250 l sodium phosphate buffer (12.5 mM, pH 5.5) containing 120 U mutanolysin (Sigma). The digest was stopped after 16 h of incubation at 37°C by submerging samples in boiling water for 3 min. Finally, insoluble material was removed by centrifugation (13,000 ϫ g for 10 min) before lyophilization of the muropeptide-containing supernatant, which was stored at Ϫ20°C prior to analysis.
Peptidoglycan purification from germinating spores was achieved by collecting 1-ml samples that were immediately centrifuged (13,000 ϫ g for 1 min) to separate the germination exudate (supernatant) from the residual spore pellet. Exudate samples were boiled for 3 min in order to inactivate CLEs, lyophilized, and then digested with mutanolysin and stored until analysis as described above. Germinated spore pellets were extracted, and the peptidoglycan was purified and mutanolysin digested using a procedure identical to that for dormant spores.
HPLC separation and desalting of muropeptides. Lyophilized muropeptidecontaining samples were solubilized in 100 l sodium borate buffer (0.25 M, pH 9.0), and the pH was adjusted to 9.0, where necessary, with 5 M NaOH. Reduction of sugars at the reducing terminal of glycan chains was initiated by addition of 25 l of a freshly prepared solution of sodium borohydride (25 mg/ml; final concentration, 5 mg/ml). Reduction was allowed to proceed at room temperature for precisely 5 min with frequent vortexing of the sample. The reaction was stopped by the addition of 3.5 l concentrated H 3 PO 4 , centrifuged (13,000 ϫ g for 2 min), and then passed through a Millex-HV syringe-driven filter unit (0.45 M polyvinylidene difluoride [PVDF] membrane) directly into a Total Recovery HPLC sample vial (Waters).
Separation of the reduced muropeptides was achieved by reverse-phase HPLC, using a Waters Alliance 2695 separations module fitted with a Hypersil octyldecyl silane (ODS) column (250 by 4.6 mm; particle size, 3 M) (Thermo Scientific) and a Supelguard Discovery C 18 guard column (Sigma). The column was equilibrated at 40°C with buffer A (40 mM sodium phosphate, pH 4.23) prior to injection (50 l) of muropeptide-containing samples. Elution of muropeptides was achieved using a linear gradient, initiated at the time of injection, from 0 to 100% buffer B (40 mM sodium phosphate, pH 4.1, 20% [vol/vol] methanol) over 160 min followed by a period of isocratic elution of 100% buffer B for a further 40 min. The flow rate was linearly decreased from 0.59 to 0.50 ml/min over the course of the gradient, and the temperature was maintained at 40°C. Eluted compounds were detected by monitoring absorbance at 202 nm using a Waters 996 PDA detector (buffer A contained sodium azide [1 g/ml] to equalize its A 202 value with that of buffer B) and collected individually using a Waters fraction collector III.
Muropeptide-containing fractions were subsequently lyophilized and resuspended in 100 l water prior to desalting by HPLC using the aforementioned instrumentation and column. Muropeptide identification. Structural identification of the respective desalted-purified muropeptides was achieved principally by mass spectrometry (MS) and amino acid analyses. MS analyses were performed using a Waters matrix-assisted laser desorption ionization (MALDI) MicroMX mass spectrometer equipped with a UV laser (10 Hz) as a desorption/ionization source. Essentially, HPLC-desalted samples (100 l) were freeze dried and resuspended in 10-l 0.1% (vol/vol) TFA. Samples were then applied to a -C 18 ZipTip pipette tip (Millipore) for concentrating/desalting, eluted with 2 l of matrix solution (2,5-dihydroxybenzoic acid [DHB] [10 mg/ml] in acetonitrile-water [30:70 {vol/ vol}]), and vacuum dried to effect rapid crystallization. The dried sample was washed for 5 s with 5 l 0.1% (vol/vol) TFA. Mass spectra were acquired in the positive ion mode, using a polyethylene glycol 1000/2000/3000 mixture (PEG) as an internal calibrant in a parallel sample. With the laser operating at just above threshold power for ionization, in-source decay (ISD) occurred. Interpretation of the ISD-generated fragments allowed confirmation of the proposed peptidoglycan structures. Where MALDI-ISD data were ambiguous, ZipTip-desalted samples were eluted with 70% (vol/vol) methanol plus 0.2% (vol/vol) formic acid and further examined by electrospray ionization (with MS 2 and MS 3 fragmentation) on a Thermo-Finnigan LCQ classic ion-trap mass spectrometer, using a static nanospray source, providing a richer source of fragments to aid interpretation of the peptidoglycan structure.
Amino acid analyses were conducted with hydrolyzed samples (6 M HCl at 105°C for 16 h) using standard ion-exchange-ninhydrin analysis or by using the fluorimetric AccQ-Tag HPLC system (Waters).
RESULTS
Muropeptide analysis of dormant and germinating B. megaterium QM B1551 spores. The peptidoglycan structure of B. megaterium QM B1551 spores was examined by HPLC separation of muramidase-digested, sodium borohydride-reduced peptidoglycan material extracted from dormant and germinated spores. Peptidoglycan fragments released into the surrounding milieu (exudate) during germination were also collected and examined, typically after muramidase digestion since fragments generated directly by CLE activity were too VOL. 192, 2010 INVESTIGATING BACILLUS MEGATERIUM CLE FUNCTION 5381
on September 12, 2017 by guest http://jb.asm.org/ large to be resolved by HPLC (Fig. 2d) . Twenty-seven peaks were individually collected, desalted, and analyzed, principally by mass spectrometry, to reveal the structural identity of the muropeptides (Table 2) . Amino acid analyses were conducted subsequently to further validate the predicted structures. Unfortunately, we could not achieve reliable quantitative analyses of amino acids associated with minor muropeptides, either using standard ninhydrin or by AccQ-Tag analyses, precluding the determination of accurate molar ratios for the respective compounds. Despite this limitation, HPLC profiles generated from dormant spores (Fig. 2a) are similar, in terms of identity and apparent abundance of respective muropeptides, to those observed previously for dormant spores of B. megaterium KM and other species of Bacillus (2, 3, 10), indicating that the peptidoglycan structure in B. megaterium QM B1551 is similar to that of other species. Muropeptide 10(i), which was not observed in HPLC profiles from dormant B. megaterium KM spores (2), was identified by MS fragmentation analysis as a tetrasaccharide tetrapeptide in which the NAG residue adjacent to the terminal NAM has been de-N acetylated. Additionally, the muramic acid lactam residue has been reduced, presumably inadvertently, during the sodium borohydride procedure that is required to reduce terminal sugar residues prior to HPLC separation.
HPLC profiles associated with germinated spores (Fig. 2b to d) were obtained after glucose-induced germination had proceeded in Tris-HCl buffer for 40 min. No further losses to the optical density of the various spore suspensions were observed after this time, indicating completion of germination. Unlike the situation observed for B. anthracis spores (10), analyses of HPLC profiles of spore-associated peptidoglycan (Fig. 2b) reveal that even after 40 min of germination, a considerable amount of cortex-derived (i.e., MAL-containing) peptidoglycan remains associated with the spore. HPLC profiles derived from spores germinated for 60 min are similar (data not shown), indicating that any further peptidoglycan modification proceeds relatively slowly. The relative abundance of muropeptides associated with the germ cell wall (muropeptides 1 to 3 and the cross-linked muropeptides 8 and 9) is observed to increase in the germinated spore-associated material. Muropeptides G3 and G4, together with G2 (the reduced-MAL version of G3), comprise the major germination-specific compounds associated with residual spore peptidoglycan following germination. Structural identities of these muropeptides and their dependence on the sleL gene are discussed in the subsequent section.
In addition to the germination-specific muropeptides G1 to G4, analysis of the mutanolysin-digested and reduced germination exudate reveals the presence of muropeptides G8 and G9 (Fig. 2c) . These compounds, which are resistant to sodium borohydride reduction and are discernible even in non-mutanolysin-digested exudate material (Fig. 2d) , have been identified as anhydrotetrasaccharide tetrapeptide and anhydrotetrasaccharide alanine and are therefore the products of lytic transglycosylase activity. The germination exudate is notable also in that the apparent ratio of muropeptides 11 and 12, tetrasaccharide tetrapeptide and tetrasaccharide alanine, respectively, is observed to change with respect to that observed in dormant and germinated spore-associated peptidoglycan. A similar change in the apparent increase in tetrasaccharide alanine and corresponding reduction of tetrasaccharide tetrapeptide was observed during germination of B. megaterium KM spores and was speculated to result from amidase or endopeptidase activity (2) .
Muropeptide analysis of sleB and sleB sleL null mutant spores. Having established the presence of anhydromuropeptides in the germination exudate from wild-type B. megaterium QM B1551 spores, we decided to investigate whether this putative lytic transglycosylase activity was dependent upon an intact copy of the sleB structural gene, as is the case for B. subtilis (6) and B. anthracis (16) , by examining spore-associated material and germination exudates from strain GC101 (sleB) by HPLC. Additionally, since the presence of the germinationassociated muropeptides G3 and G4 is associated with the sleL (also known as yaaH) structural genes in B. subtilis (8) and B. anthracis (21) , the germination exudate from strain GC104, a sleB sleL double mutant, was subject to muropeptide analysis. Comparison of the phenotypic properties of spores of this strain with those for the sleB single mutant reveals a similar ability to form colonies on solid medium, with colony counts typically ϳ60% of those achieved with wild-type spores (32; also data not shown). However, OD losses associated with germination in appropriate buffer are reduced with respect to values attained in sleB spores (ϳ40%, cf. 60%, loss of OD 600 after 40 min of germination), indicating that the sleL gene product may have a nonessential role in the germination of B. megaterium QM B1551 spores.
Analysis of the HPLC profile of the germination exudate from the sleB null mutant strain (Fig. 3b) reveals the absence of anhydromuropeptides G8 and G9 (G9 is partially masked by nonpeptidoglycan material that elutes at the same position in the presented chromatograms), indicating that the SleB protein is required, either directly or indirectly, for lytic transglycosylase activity during spore germination. Comparison of the muropeptide profile of the germination exudate from sleB sleL double mutant spores with that of the wild-type exudate reveals the loss of muropeptides G3 and G4 in addition to the SleB-associated G8 and G9 anhydromuropeptides. The SleL protein seems therefore to be associated with the generation of G3 and G4 during germination of B. megaterium spores.
The apparent structural identity of muropeptides G3 and c m/z calculated is the mass-to-charge ratio predicted for the protonated ion of the muropeptide structure indicated. m/z observed is the value determined using matrix-assisted laser desorption ionization-time of flight mass spectrometry.
DS, disaccharide (NAG-NAM); TS, tetrasaccharide (NAG-MAL-NAG-NAM); HS, hexasaccharide (NAG-MAL-NAG-MAL-NAG-NAM or NAG-NAM-NAG-MAL-NAG-NAM); TriS, trisaccharide (MAL-NAG-NAM); PS, pentasaccharide (NAG-MAL-NAG-NAM-NAG); OS, octasaccharide, NAG-NAM-NAG(Ac)-MAL-NAG-MAL-NAG-NAM
d Difference between calculated and observed protonated molecular mass values. e Ratios of amino sugars and amino acids were calculated after MS and amino acid analyses. Amino acid values in parentheses represent molar ratios derived from ninhydrin analyses, normalized against glutamate values. Identification of amino acids in other samples was achieved by ninhydrin or AccQ-Tag analysis, and/or a combination of the respective techniques.
f Abbreviations: NAG, N-acetylglucosamine; NAM, N-acetyl muramic acid; MAL, muramic acid ␦-lactam. g Muropeptides G3 and G4 are proposed to be modified, stereochemically, with respect to the dormant spore muropeptides 11 and 12, which are of identical mass and amino acid composition (4).
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on September 12, 2017 by guest http://jb.asm.org/ G4, which have a longer retention time by HPLC than the dormant spore muropeptides 11 and 12 despite having an identical mass and amino acid composition, has been the subject of some debate (10, 21) . Muropeptide analyses conducted with germinating B. subtilis and B. megaterium KM spores indicated that G3 (tetrasaccharide tetrapeptide) and G4 (tetrasaccharide alanine) are the products of a putative epimerasecatalyzed reaction that introduces a stereochemical modification close to the muramyl alanine residue (2, 4) . However, structural analysis of muropeptides apparently equivalent to G3 and G4, generated during germination of B. anthracis spores, identified glucosaminitol at the reducing terminal of the reduced muropeptides, indicating that they are the products of glucosaminidase activity (10, 21) . Analysis of muropeptide fragments generated during our own multistage electrospray ionization mass spectrometry experiments, which were conducted with numerous singly and doubly charged precursor ions, very strongly preclude the possibility of the side chainbearing muramyl residue being positioned anywhere but at the reducing terminal of the respective molecules (Fig. 4 and data not shown). HPLC-purified and desalted G3 and G4 are also resistant to further mutanolysin digestion, as adjudged by HPLC and MS analyses of the reaction products (data not shown). B. megaterium muropeptides G3 and G4 appear therefore to be tetrasaccharide tetrapeptide and tetrasaccharide alanine molecules that have been subjected to the SleL-associated stereochemical modification that occurs during germination, as alluded to by previous researchers. The mutanolysin-digested germination exudate of the sleB sleL mutant is also noteworthy for the appearance of the germination-specific muropeptides G6 and G7, which, although relatively minor, are typically most abundant in this mutant background (Fig. 3c, inset) . These compounds, trisaccharide tetrapeptide and trisaccharide alanine, respectively, are generated by glucosaminidase activity that has yet to be assigned to an identified enzyme, although CwlJ is an obvious candidate. HPLC profiles derived from the exudates of cwlJ spores (strain GC102) appear similar to wild-type profiles (data not shown), where G6 and G7 are often indistinguishable, and therefore, we cannot assign putative hydrolytic bond specificity to CwlJ using the current method. An additional novel muropeptide, G10(i), which is an atypical pentasaccharide alanine moiety, is also present in the sleB sleL germination exudate. The presence of NAG (glucosaminitol postreduction) at the reducing end of this compound, which would normally be removed during the mutanolysin digestion procedure, indicates that it too is the product of glucosaminidase activity.
Complementation with SleB-⌬C and SleB-⌬N. Having confirmed that the presence of an intact structural gene for SleB is associated with lytic transglycosylase activity during germination of B. megaterium QM B1551 spores, as is the case in other species where examined, we decided to investigate further the molecular functions of the putative N-and C-terminal domains of the enzyme. PCR and standard cloning techniques were used to prepare the plasmid borne sleB-⌬N construct, in which a DNA fragment encompassing the sleB promoter region and the predicted secretion signal peptide (codons 1 to 32) was fused in-frame with a fragment encoding the predicted Cterminal domain (codons 188 to 310), deleting sequence that encodes the predicted N-terminal domain and linker region in the process (Fig. 1) . Similarly, the plasmid-borne sleB-⌬C construct, which encompasses the sleB promoter region and coding sequence for the signal peptide and predicted N-terminal domain (codons 1 to 106) but which lacks the linker and Cterminal domains, was also prepared. In order to maintain the bicistronic genetic organization observed in both B. megate- Table 2 ; "X" denotes primarily nonpeptidoglycan material or buffer components. (a) B. megaterium QM B1551 germination exudate. (b) GC101 (sleB) germination exudate. (c) GC104 (sleB sleL) germination exudate. Glucosaminidase-generated muropeptides (G6 and G7) generated by GC104 spores are evident in the magnified section (inset).
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rium and B. subtilis, plasmid-borne sleB, sleB-⌬C, and sleB-⌬N constructs included a downstream copy of the ypeB gene and associated regulatory sequences. The YpeB protein is of unknown function, although the absence of SleB in a B. subtilis ypeB null mutant indicates that it may be required for localization or stabilization of SleB in the dormant spore (8) .
Complementation of germination defects by the various SleB constructs was assessed by introducing, via protoplast transformation, the appropriate plasmids into B. megaterium GC103, the sleB cwlJ double mutant that can undergo stage I germination events but which cannot initiate hydrolysis of the cortex (32) . Since initiation of germination of sleB cwlJ spores and progress through stage I of germination are associated consistently with an ϳ15% decrease in the OD 600 of the spore suspension (Fig. 5) , observed decreases in OD 600 greater than this provide a simple assay to indicate that cortex hydrolysis has been initiated (full cortex hydrolysis is associated with an ϳ65% reduction in OD 600 in B. megaterium).
Following these criteria, the plasmid-borne copy of the in- tact sleB ypeB operon is adjudged to complement fully the germination defect in the sleB cwlJ genetic background (Fig.  5) , as manifested by the 65% loss of OD 600 when GC105 spores are stimulated to germinate by incubation in buffer containing glucose. Remarkably, spores complemented with the SleB-⌬C construct (GC106), which lack the putative catalytic domain of the enzyme, are observed to germinate extremely efficiently, as adjudged by a reduction in OD 600 of ϳ65%, which is achieved within 25 min. Spores of the SleB-⌬N strain (GC107), which lack the putative peptidoglycan domain but retain the presumed catalytic domain, are observed to germinate reasonably efficiently, although a reduction in OD 600 of ϳ45% after 60 min of germination indicates that perhaps only a degree of cortex hydrolysis has taken place. Further analysis of these spores by phase-contrast microscopy reveals a mixture of phase dark and phase gray spores after 60 min of germination (not shown). This apparent heterogeneity in cortex-degrading ability within the spore population might reflect impairment of the SleB-⌬N protein's ability to recognize the peptidoglycan substrate, although other explanations-decreased protein stability, for example-are possible. However, despite differences in OD 600 losses between SleB-⌬N and SleB-⌬C/SleB spores, the colony-forming efficiency of all three strains on LB medium is comparable to that of wild-type spores (ϳ1 ϫ 10 8 CFU/ml at an OD 600 of 1).
Germination pellets and exudates from the various mutant strains were collected and prepared for muropeptide analysis, principally to confirm that cortex hydrolysis had occurred during germination and to investigate the apparent hydrolytic bond specificities associated with the respective N-and Cterminal domains of SleB. As anticipated, the HPLC profile of mutanolysin-digested germination exudate from sleB cwlJ spores (GC103) indicates that cortex hydrolysis has not occurred during germination of these double mutant spores (Fig.  6a) . Conversely, sleB cwlJ spores complemented with the plasmid-borne sleB ypeB operon (GC105) evidently release peptidoglycan fragments into the germination exudate, including relatively large amounts of the SleB-associated anhydromuropeptides, G8 and G9 (Fig. 6b) . A potentially novel anhydromuropeptide [G9(i)], which elutes after G9 despite having an identical mass and apparent structure (anhydro-TS-ala), was also detected in the germination exudate of these spores. Spores of strain GC107, which are complemented with the SleB-⌬N construct and which show a heterogeneous germination response, also release significant amounts of cortex material into the germination exudate during germination (Fig. 6d) . HPLC profiles derived from these spores are characterized typically by a relatively large G9 peak (anhydro-TS-ala), perhaps indicating that the C-terminal domain is associated with significant lytic transglycosylase activity. Analysis of HPLC profiles derived from the germination exudate of SleB-⌬C spores (GC106) also reveals the presence of anhydromuropeptides (Fig. 6c) , although in contrast to SleB-⌬N spores, G8 and G9 are typically lower in apparent abundance than other germination-associated peaks (G3 and G4). None of the mutant strains complemented with the various SleB constructs showed significant glucosaminidase activity, indicating that B. megaterium SleB is not a glucosaminidase.
Site-directed mutagenesis of SleB. The presence of anhydromuropeptides in the germination exudates of sleB cwlJ spores complemented with plasmid-borne sleB-⌬C or sleB-⌬N, in tandem with ypeB, indicates, at least superficially, that both the N-and C-terminal domains of the enzyme may independently possess lytic transglycosylase function. Lytic transglycosylases cleave glycan chains between NAM and NAG residues with the concomitant formation of 1,6-anhydromuramoyl products (17) . A single acidic residue, often glutamate, typically functions as the catalytic acid/base involved in bond cleavage (30) . Examination of an alignment of amino acid sequences of SleB from different species reveals that 5 highly conserved acidic residues reside in the putative N-terminal domain and 9 acidic residues are conserved in the putative C-terminal domain (Fig. 1) . In an attempt to identify any acidic residues that might lie at the catalytic center of the respective N-and C-terminal domains of SleB, each of these residues was changed individually to alanine by SDM. The single cysteine residue (Cys309), which is highly conserved as the penultimate residue in the C-terminal domain, was also changed to alanine.
Transformant sleB cwlJ strains bearing either plasmid-borne SleB-⌬C or SleB-⌬N variants were sporulated by nutrient exhaustion, and their germination properties were examined initially by measuring OD 600 losses associated with glucose-induced germination (Table 3) . Consideration of the germinative response of the SleB-⌬C variant spores reveals a reduction in the level of OD 600 loss compared to results for those spores complemented with the nonmutated SleB-⌬C construct. Despite this apparent impairment in function, the reduction in OD 600 for all SleB-⌬C mutant strains is at least twice that observed for the noncomplemented sleB cwlJ parental strain (GC103), indicating that the mutated proteins retain, to various degrees, a functionality that is associated with hydrolysis of the cortex. This includes SleB-⌬C variants bearing substitutions at residues (D65 and D89) that are predicted to reside within tandem repeat sequences thought to be involved in recognition of the peptidoglycan substrate.
Similarly, OD 600 losses associated with the various SleB-⌬N spores bearing substitutions for glutamate/aspartate are observed to be greater, in all cases, than that achieved in the noncomplemented sleB cwlJ background. Spores complemented with the SleB-⌬N variant bearing the C309A substitution are also observed to germinate efficiently, indicating that this residue is not critical to the function of the enzyme in vivo or at least under the conditions of our assay. Likewise, colonyforming efficiency on LB medium appears to be largely unaffected by any of the mutations introduced to either SleB-⌬N or SleB-⌬C proteins, since all strains form ϳ1 ϫ 10 8 CFU/ml at OD 600 of 1, which is comparable to wild-type levels (data not shown).
Finally, analysis of HPLC profiles of germination exudates collected from the various mutant strains reveals the presence of G8 and G9 anhydromuropeptides in all samples, with an abundance apparently similar to that of those associated with the nonmutated SleB-⌬C and SleB-⌬N constructs (see Fig S1 to S3 in the supplemental material). Therefore, if SleB is a lytic transglycosylase and it comprises the sole enzyme of this class in the spore, then it must be considered atypical by virtue of the apparent absence of a single acidic residue essential for catalysis in the respective domains. Alternatively, the presence of SleB-⌬N or SleB-⌬C, plus YpeB, somehow permits initiation of cortex hydrolysis, and an as yet unidentified lytic transglycosylase contributes to this process, either by initiation of cortex hydrolysis or by cleaving fragments generated by another enzyme, which may not necessarily be SleB.
DISCUSSION
The current study examines the activities of various cortex lytic enzymes (CLEs) that participate in depolymerization of the spore cortex during germination of B. megaterium QM B1551 spores. Application of the HPLC/MS-based muropeptide analysis technique has revealed that the peptidoglycan structure in dormant B. megaterium QM B1551 spores is similar to that observed in other species of Bacillus. The major lytic activity detected during germination appears to result from SleB-associated lytic transglycosylase activity. This contrasts with biochemical analyses conducted a number of years ago with physically disrupted B. megaterium QM B1551 spores, in which the products of glucosaminidase and amidase activi- 
